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Abstract
Poly(azolyl)borates, the most common of which is the hydrotris(pyrazolyl)borate (Tp), are some of the most popular chelating ligands in coordination chemistry. 1 The analogous hydrotris(methimazolyl)borate (Tm) ligand was developed by Reglinski and Spicer in 1996 and has since been shown to be capable of complexation to a wide varitey of metal centres. 2 Complexes of this ligand exhibit an unusual type of chirality as the metal-ligand cage formed twists into a helical structure to relieve torsional strain which arises as a result of the 8-membered bicyclic rings which form upon complexation. The result is that complexes of this ligand have C 3 -symmetry and exist in Pand M-helical enantiomeric forms (Figure 1 ). Hydrotris(azolyl)borates are typically synthesised via a solventless melt reaction between the chosen heterocycle and a group 1 metal tetrahydridoborate. The resulting anionic ligand contains three azolyl groups and a hydride in the boron fourth position. However, a number of alternative routes to such ligands exist. In 1985 Niedenzu reported the synthesis of a charge-neutral zwitterionic analogue of Tp [(HNMe 2 )B(pz) 3 ], in which the hydride is replaced by dimethylamine, achieved by reaction of pyrazole with tris(dimethylamino)borane. 3 Over recent years we have developed this approach to provide a range of such neutral zwitterionic ligands of both the tris(methimazolyl) [ZTm] and tris(pyrazolyl) [ZTp] type. 4 The dimethylamine in (HNMe 2 )B(methimazolyl) 3 (1) formed by this reaction may be substituted with a wide range of neutral, mostly nitrogen, donors (D) to provide new ligands [(D)ZTm] (Scheme 1). The substitution is aided by the loss of HNMe 2 gas from the reaction mixture which drives the equilibrium towards the product and enables the use of donors considerably less basic than HNMe 2 (e.g. pyridine). This synthetic route provides access to a much wider range of ligands than the conventional borohydride melt reaction since, not only can a range of groups be placed at the boron fourth position in place of hydride, but the use of B(NMe 2 ) 3 as the boron source enables use of substituted methimazoles for which the borohydride route fails. Thus, replacing the N-methyl group in methimazole with homochiral N--methylbenzyl provides a ligand which forms single diastereomer complexes in which the helical twist of the metal-ligand cage adopts the Mor Pconformation exclusively dependent on the chirality of the -methylbenzyl groups. 5 A potential alternative means of directing the helical twist involves the use of a chiral donor at the boron fourth position chosen to maximise its interaction with the three methimazolyl groups, and thus to relay chirality to the rest of the ligand. This would leave the choice of methyimazolyl N-substituent to modify the steric environment, or introduce functionality, around the metal coordination site. For this reason we have explored the range of donor types which can be incorporated at this site to replace the dimethylamine in (HNMe 2 )ZTm (1) and we report here some results from this study. The donors used in this work are shown in 
Results and Discussion

Anionic tris(methimazolyl)borate ligands from (HNMe 2 )ZTm (1)
Having demonstrated the broad scope of the synthesis of charge-neutral ZTm ligands by substitution of the amine in (HNMe 2 )ZTm (1) with neutral donors, 4 we also wished to explore the possibility of forming new anionic "XTm" ligands by similar substitution with anionic donors. Parkin has previously demonstrated that complexes of these ligands can be accessed by treating [TmNiX] (X = N 3 , NCS, NCO) with iodine. 6 Thus the pseudo-halides N 3 -, NCSand NCOwere chosen as potential donors in this role. Due to the insolubility of the [PPN] + and [PPh 4 ] + salts of these anions in toluene, the usual solvent for our substitution reactions, acetonitrile was employed as the reaction medium. Reaction with both N 3 and NCOresulted in the degradation of 1 upon dissolution even under ambient conditions. We have previously shown that strong bases such as NaOH, NaOR and NaNH 2 cause degradation of 1 by deprotonation of the dimethylamine functionality leading to the anion [(Me 2 N)B(mt) 3 ] -, which appears to be unstable as only free methimazole is isolated in these reactions.
However, N 3 and NCOare not strong Brönsted bases and are in fact weaker Lewis bases than thiocyanate.
The reason for the instability of 1 in the presence of these anions remains unclear at this time. However, the 
S10A-Ru1-S17A 90.84 (2) S(1B)-Ru(1)-S(1C) 88.95(2) S(3)-Ru(1)-S(2) 88.51(4) C1-S1-C2 89.37 (11) S10A-Ru1-S3A 91.67 ( Table 1 .
This unexpected result led us to investigate whether other nitriles displayed similar reactivity with 1. Despite its lower Lewis basicity, benzonitrile was also shown to insert into the B-N coordinate bond. This conversion proceeded more slowly than that with acetonitrile, despite the higher reflux temperature, providing the target species (6) after 8 hours at 110 o C. Mass spectrometry (EI) confirmed the expected formulation of 6 with a molecular ion peak at m/z = 498.2. The 1 H-NMR spectrum showed unusually broadened resonances for the methimazolyl protons at (6.39 and 6.84 ppm) which suggested possible restricted rotation about the B-N bond to the amidino group, due to steric interaction between the phenyl and methimazole rings, and consequent inequivalence of the methimazolyl rings. Additionally 6 displays a larger difference in the chemical shifts for the dimethyamine derived methyl groups (2.83 and 3.57 ppm) which we attribute to ring-current effects of the phenyl ring which are absent in the methyl derivative 4. A ruthenium complex of this ligand (7) was synthesised and crystals were grown in a similar manner as for 5. The crystal structure of 7 ( Figure 5 ) shows that the phenyl ring resides between the arms of the ligand, approximately parallel to one of the methimazolyl rings which may indicate some -stacking interactions. The distance between the centroid of the phenyl ring and that of its nearest methimazolyl neighbour is 3.419 Å, and the angle between the two ring planes is 24. (7) . Hydrogen atoms, counter-ions and MeCN solvent omitted for clarity. Selected bond lengths and angles are provided in Table 1 .
Both ligands 4 and 6 are nitrogen analogues of the ligand characterised by Reglinski et al. in which a dimethylformamide molecule was found to coordinate to the boron fourth position, (DMF)ZTm. 12 The crystal structure of this ligand shows the expected oxygen coordination of the DMF to boron and adopting sp 2 hybridisation. We therefore expected that reaction of 1 with DMF would yield the same ligand by substitution of the dimethylamine moiety. Reaction of 1 with one molar equivalent of DMF under reflux in toluene for 6 hours provided a colorless precipitate (Scheme 4). The 1 H-NMR spectrum of this material confirmed it to be (DMF)ZTm (8) with two resonances at 3.25 and 3.31 ppm each integrating as 3H, as well as a singlet at 8.69 ppm (1H) due to the formyl proton. Mass spectrometry (ESI) displayed a molecular ion peak at m/z = 423.9 consistent with this formulation. Finally, the IR spectrum also agreed with reported data and displayed an absorbance at 1679 cm -1 assigned to the DMF C=O stretch. This reaction expands the range of available nucleophiles which are known to substitute the dimethylamine group in 1 to include oxygen donors. 
Isonitriles
Having successfully exploited both nitrogen and oxygen donors it was of interest to investigate the coordination of a carbon donor to the boron centre. Thus, 2,6-dimethylphenyl isonitrile was stirred with 1 in toluene under reflux for 4 days providing a colorless precipitate of compound 9 upon work-up (Scheme 5).
The mass spectrum (EI) of 9 showed a peak at m/z = 481.1 indicating its formulation as the species formed from substitution of HNMe 2 by the isonitrile, (ArNC)ZTm. Its 1 H-NMR spectrum showed no resonances which could be assigned to an NMe 2 group indicating its substitution during the reaction. However, a broad singlet at 2.14 ppm (6H), along with a multiplet (3H) in the aromatic region, confirmed the presence of the isonitrile aryl group. It should be noted that the three methimazolyl arms in the free ligand 9 appear equivalent by NMR spectroscopy at ambient temperature. However, IR spectroscopy of 9 showed no absorption corresponding to a CN triple bond, but an absorption was observed at 1660 cm -1 corresponding to a C=N stretch. Very weak and missing nitrile bands have been reported previously by Kitson and Griffith when the nitrile is bonded to electronegative groups. 13 Despite this fact, a similar boron compound, Na[(cyano)B(pyrrolyl) 3 ], previously synthesised by Gyóri, 14 displayed the expected nitrile stretching frequency at around 2217 cm -1 , however no information was provided on the intensity of this band. Variable temperature 1 H-NMR studies showed three resonances for H a (Scheme 5) at 223K indicating inequivalence of the methimazole rings at this temperature. Coalescence of these resonances occurred above 253K. These data indicate that the isonitrile carbon is stabilized by a fluxional interaction with the methimazole sulphur atoms which equilibrates between the three methimazolyl arms faster than the NMR timescale at room temperature (Scheme 5). Figure   7 ). 15 However, Carboni's system is fused to pyridine rather than an imidazole ring and contains a sp 3 It may be surmised that 9b arises because the donor properties of the sp-hybridized carbon donor of the isonitrile are insufficient to stabilize the electron-deficient boron centre. The formation of this species illustrates the nucleophilic character of the methimazolyl sulfur atoms, something we have previously observed to be responsible for the formation of ring-opened products on attempted coordination of oxazolines to the boron in 1. 5 The structure of 9b confirms the presence of a B-C bond in the ligand, and thus by implication that substitution of the HNMe 2 moiety in 1 occurs by attack of the isonitrile carbon at the boron centre during the synthesis of ligand 9.
The free ligand 9 was coordinated to Ru(II) by treatment with [Ru(p-cymene)Cl 2 ] 2 in methanol and the resulting complex (10) precipitated after anion exchange with [NH 4 ][PF 6 ]. The 1 H-NMR spectrum of this complex indicated that the ligand in this complex coordinates in a  3 -[N,S,S] mode and that the thiazaborole ring is thus retained in the coordinated ligand. The aromatic region showed two different methimazolyl environments in a ratio of 2:1. Two broad resonances also appeared at 5.15 and 4.97 ppm representing the pcymene aryl protons which generally appear as a sharp (AB) 2 system in a  3 -[S,S,S] coordinated ligand. The
Mass spectrum (ESI) shows a molecular ion peak at m/z = 358.3 corresponding to M + /2 and confirms the formulation of the complex. The lack of a ruthenium-bound chloride in the molecular ion peak indicates that, in order for ruthenium to adopt the preferred octahedral geometry, the ligand must be coordinated in a Table 1 .
This structure allows us to explain the broadening of the p-cymene arene resonances observed in the 1 H-NMR spectrum of this complex as resulting from hindered rotation of the aryl ring due to interaction with the oxylyl group, which is directed towards the p-cymene environment. The 13 C-NMR spectrum of the complex shows a resonance for the C-B carbon at 196.4 ppm which is comparable to the signal for the analogous carbon in another M-N=C(S)-B compound (210 ppm) 16 but significantly higher than the corresponding carbon in 9 at 177.2 ppm.
The electron withdrawing nature of the aryl group in the isonitrile may contribute to the poor donor ability of the carbon centre and thus to the formation of ligand 9b and complex 10. An aliphatic isonitrile was expected to be a stronger donor for the boron centre. To investigate this the readily available branched alkyl-isonitrile (1,1,3,3-tetramethylbutylisonitrile) was stirred with 1 in toluene under reflux for 12 hours. The colorless precipitate isolated after work-up was found to be an unexpected reaction product 11 (Scheme 6).
Scheme 6. Synthesis of 11.
1 H-NMR spectroscopy of 11 showed no resonances corresponding to the isonitrile alkyl group, however two sharp singlets at 3.05 and 3.15 ppm which each integrate as 3H were present in the spectrum. Given our experience with nitriles this suggested that the NMe 2 group had been retained. Instead of the expected alkyl multiplets, two new doublets are present at 7.93 and 10.01 ppm which each integrate to 1H and display a coupling constant of 15.6 Hz indicative of a trans-relationship. 13 C-NMR DEPT experiments showed the presence of a tertiary carbon centre at 159.0 ppm, however this carbon showed no C-B coupling indicating nitrogen-boron coordination. Isomerism of isonitriles to nitriles is known to occur over time at room temperature, 17 however, 13 C-NMR of the free isonitrile showed no evidence for this, even after 48 hours in toluene under reflux. Based on the spectroscopic evidence the structure of this ligand was thus assigned as that containing an N,N′-dimethylformamidino group attached to the boron (11). 1 H-NMR studies in deuterated toluene confirmed the formation of 2,4,4-trimethylpent-2-ene resulting from the intramolecular removal of the -proton in the alkyl moiety with concomitant elimination of the dimethylammonium cation ( Scheme 7). The inherent stability of the trisubstituted alkene may contribute to its elimination in this process, and isonitriles not susceptible to this proton abstraction would necessarily provide a different product.
Scheme 7.
Mechanism of formation of 11 and 13.
Ligand 11 was complexed to Ru(II) as previously described for complexes of the related ligands. X-ray crystallography of this complex confirmed that the ligand contains a formamidino group bound to boron as indicated by the spectroscopic data (Figure 9 ), and this unexpected result indicates that this reaction does not proceed though the type of mechanism shown in Scheme 3. It is interesting to note, however, that the ligand 11, formed by this elimination of the alkyl group from the alkylisonitrile, is the formamidino (CH) analogue of the acetamidino (CMe) and benzamidino (CPh) containing ligands (4 and 6), formed by treatment of ZTm analysis confirmed the assigned formula of 11, it is therefore assumed that in this instance, as with 9, the absorption due to C-N stretching is too weak to be detected.
A plausible mechanism for the formation of both 11 and 13 is shown in In contrast to 11 and 13, 1 H-NMR spectroscopy of 14 showed three resonances at 0.97 (9H), 1.47 (6H) and 1.73 (2H) ppm corresponding to the 1,1,3,3-tetramethylbutyl group. Additionally, a resonance at 3.24 ppm (6H) indicated the presence of the dimethylamine group in the product. Finally, resonances at 8.52 and 7.52 ppm indicated the presence of amidinium NH and CH protons respectively. Although these resonances were too broad to determine the relationship between these protons, it was expected, based on the steric bulk of the other substituents, that the protons would exhibit a trans-relationship. Negative ion ESI-MS showed a molecular ion peak at m/z = 376.05, whereas the positive ion spectrum showed a molecular ion peak for the cation at m/z = 185.05. Thus it is clear that the dimethylammonium cation of the salt 13 reacts preferentially with excess isonitrile in preference to the boron-bound nitrile function which occurs in the absence of a second equivalent of the isonitrile.
Ligand 14 was coordinated to Ru(II) by treatment with [(p-cymene)RuCl 2 ] 2 in methanol, and the resulting complex (15) precipitated after anion exchange with ammonium hexafluorophosphate. As expected this complex showed no resonances for the 1,1,3,3-tetramethylbutyl group or the dimethylamine fragment. The mass spectrum (positive ion EI) contained a peak at m/z = 611.9 confirming the assigned formula of 15. A very weak IR absorption band was present in the spectrum of this complex at 2218cm -1 which agrees well with literature values of (C≡N) for similar compounds. 14 The X-ray crystal structure of 15 (Figure 10 Hydrogen atoms, counter-ions and an acetonitrile molecule removed for clarity. Selected bond lengths and angles provided in Table 1 .
Conclusions
The work reported in this paper is summarised in Scheme 9. We have reported the synthesis of a variety of new charge-neutral zwitterionic tris(methimazolyl)borate ligands from reaction of (dimethylamine)tris(methimazolyl)borane (1) 
Experimental Section
All reactions were carried out under an atmosphere of dry, oxygen-free dinitrogen, using standard Schlenk techniques. Solvents were distilled and dried by standard methods or used directly from a Glass Contour solvent purification system. Mass spectra were recorded on a MAT 900 XP (EI) or Thermo-Fisher LCQ Classic (ESI). NMR spectra were recorded either on a 400 MHz, 500 MHz or 600MHz Bruker Advance III spectrometer. 1 [(N,N-dimethylbenzamidino 2-(2,6-dimethylphenylimino)-7-methyl-[1,4,3]-thiazaborolo-[5,4- [ 3 -[N,S,S]-3-bis(methimazolyl)-2-(2,6-dimethylphenylimino)-7-methyl-[1,4,3]-thiazaborolo-[5,4-b [(N,N-dimethylformamidino 
[(SCN)B(methimazolyl)3Ru(p-cymene)] [BPh 4 ] (3): [PPN
3-bis(methimazolyl)-
